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Recent years have seen the discovery of myriad new
regulatory and catalytic functions for RNA. A series
of new studies have now demonstrated that certain
RNA sequences can directly sense ambient temper-
ature or any of a variety of small molecule metabo-
lites. Remarkably, these sensors allow associated
mRNAs to regulate their own transcription or trans-
lation accordingly, without the need for regulatory
proteins.
According to traditional genetic dogma, nucleic acids
are the blueprint and instructions for a cell, while
proteins carry out enzymatic and regulatory functions.
This simple textbook view has been greatly challenged
by work on RNA over the past two decades. Although
its mainstay will always be as the intermediate in the
DNA–RNA–protein trinity, new functions and activities
for RNA are regularly being discovered. In extant living
organisms, distinct RNA molecules directly perform or
mediate enzymatic processes such as RNA cleavage,
splicing and translation [1,2], and non-coding RNAs are
also involved in a tremendous variety of gene regula-
tory mechanisms that operate at both the DNA and
mRNA level [3–5]. In the test tube, a staggering number
of additional activities of RNA have been selected for
in vitro, ranging from nucleotide synthesis, polymerase
activity, peptide bond formation and specific recogni-
tion of small molecule and protein ligands [6–8]. RNA is
truly a renaissance molecule.
A new story has emerged from work performed in
the Breaker, Nudler, Yura and Cossart laboratories. In
a series of recent papers, they report that specific
RNA sequences can act as environmental sensors of
vitamin cofactors (including vitamins B1, B2 and B12)
and temperature, which allow them to directly regulate
the transcription or translation of associated mRNAs
[9–14]. Amazingly, these RNAs perform both sensing
and regulatory functions without the need for any pro-
teins. If it is true that the simplest solution to a
problem is also the most beautiful, then these exam-
ples are surely among the most beautiful strategies for
gene regulation.
Repressors of Vitamin-Related Gene Expression: No
Smoking Gun
The machinery responsible for synthesizing and/or
importing a wide variety of essential small molecule
metabolites and vitamin cofactors in bacteria is under
negative feedback control. When availability of such
small molecules is low, the transcription/translation of
the relevant genes to allow their synthesis or import is
activated. Conversely, in times of plenty, there is no
need to maintain high level production or import
capability, and the relevant genes are downregulated.
The classic mechanism of negative feedback control
is for a transcription factor to be allosterically regulated
by the small molecule in question. For example, a
repressor might become functional in the bound state,
allowing it to suppress transcription in the presence of
the appropriate molecule. Biotin synthesis is one of
many processes regulated in this manner: birA encodes
a bifunctional protein that is not only a biotin–protein
ligase, but a biotinyl-5′AMP-activated transcriptional
repressor of the biotin synthesis operons bioA and
bioBCDF. BirA represses biotin synthesis when enough
biotin is present [15]. Post-transcriptional initiation
mechanisms have also been described, such as regu-
lation of the B. subtilis trpEDCFBA operon by TRAP.
Tryptophan-bound TRAP can bind the nascent trp
mRNA and cause its premature termination at a site in
the first gene of the operon. TRAP also functions by a
slightly different mechanism to regulate trpG, where
tryptophan-bound TRAP can interact with the Shine-
Dalgarno (SD) sequence and inhibit ribosome binding
and translation [16].
Specific sequences in the 5′ untranslated regions
(UTRs) of many vitamin-related genes are essential for
negative feedback regulation, and are conserved
amongst a wide variety of Gram-positive and Gram-
negative bacteria (Table 1). For instance, many genes
in the vitamin B12 (CN-Cbl) pathway are negatively reg-
ulated by the intracellular concentration of 5′-deoxy-5′
adenosyl-cobalamin (Ado-Cbl) [17]. These include
genes involved in Cbl biosynthesis and cellular import;
regulation involves a conserved sequence termed the
‘B12 box’. Similarly, genes involved in vitamin B1 (thi-
amine) synthesis or metabolism are regulated by the
‘THI box’, which responds to thiamine pyrophosphate
(TPP) levels [18]. Finally, many genes involved in
vitamin B2 (riboflavin) synthesis or import contain a so-
called ‘RFN element’, which is sensitive to the biologi-
cally active riboflavin derivatives flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD) [19]. Muta-
tion of any of these motifs decreases or eliminates
vitamin-induced repression. Moreover, these motifs
are always associated with genes whose function is
relevant to the corresponding metabolite, so that they
have also been a useful diagnostic for implicating
certain previously uncharacterized genes in vitamin
cofactor transport, biosynthesis or metabolism [19–21].
The locations of these different motifs in transcribed
regions suggest that they function at the RNA level.
This is bolstered by the observation that, over
evolution, different examples of a given motif display
covariant nucleotide substitutions that maintain a
predicted RNA secondary structure. In virtually all
other cases, conserved regulatory sequences such 
as these represent binding sites for either regulatory
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proteins or small antisense RNAs. Suspicion has
mounted over the years, however, that the motifs in
these genes might directly bind the vitamin derivatives
that regulate them [22,23]. This idea has grown in large
part from the failure to identify mutations in any puta-
tive negative regulatory factors, either RNA or protein.
As a general rule, the only mutants that show a defect
in vitamin-cofactor-induced repression and map
outside of the cis-regulatory sequences themselves
turn out to affect proteins involved in vitamin import,
biosynthesis or salvage [24,25]. This is consistent with
the known role for vitamin derivatives in repression of
gene activity, but does not implicate any candidate
repressors. Although a negative result always carries
with it a certain amount of doubt, this result may be
more meaningful with bacteria, where saturating muta-
genesis screens can be trivially performed.
More compelling, although still indirect, evidence
comes from highly simplified assays that recapitulate
regulation by vitamin cofactors. For example, Ado-Cbl
can directly inhibit ribosome binding to btuB mRNA in
an in vitro system containing only these components
[23]. In addition, FMN was shown to induce transcrip-
tional termination of rib-leader–lacZ fusion mRNAs in a
simple transcriptional assay containing only these
components and highly purified RNA polymerase
holoenzyme; TPP had similar effects on transcription
from THI box-containing tenA leader templates [12].
Data such as these indicate very direct effects of these
metabolites on gene expression, and suggest that
other cofactors may not be necessary for them to exert
their regulatory effect.
Are You Getting Your Vitamins? Direct Sensing of
Metabolites by RNA
In vitro selection techniques have allowed researchers
to experimentally define RNA molecules, known as
‘aptamers’, that directly and specifically bind a variety
of small molecules, including vitamin cofactors,
nucleotides, amino acids and antibiotics [8]. FMN is
actually one of the compounds for which an RNA
aptamer has been defined [26]. So mRNA is certainly
capable of functioning as a sensor. Until very recently,
however, the question has remained open as to
whether this actually occurs in nature. Several recent
reports from the Breaker and Nudler groups answer
this resoundingly in the affirmative [9,10,12,13].
Obtaining evidence for vitamin cofactor-binding to
RNA by using cross-linking methodology has been
problematic to date. But a variety of other techniques
strongly indicate that these conserved RNA motifs are
involved in direct recognition of vitamin cofactors. One
strategy involves deduction of free RNA structures by
base hydrolysis or RNAse T1 cleavage in the absence
or presence of vitamin cofactors. Internucleotide bonds
are less susceptible to cleavage in structured regions,
such as base-paired stems, more so in unstructured
regions or in certain regions of tertiary structure. Using
this type of analysis, the Breaker group [10] demon-
strated that Ado-Cbl actively restructures the E. coli
btuB leader sequence through the B12 box [10]. As
expected if this were to reflect direct binding, the
restructuring was shown to be a saturable phenome-
non, with an apparent KD of ~300 nM. In addition, btuB
RNA was shown to shift the distribution of radiolabelled
Ado-Cbl in an equilibrium dialysis chamber. 
These data argue for direct binding of Ado-Cbl by the
btuB RNA leader, resulting in allosteric reconformation
of the RNA. Similar tests by Breaker’s lab demonstrated
that TPP is bound by THI boxes in the E. coli thiM and
thiC leaders, with an apparent KD of 100–600 nM [9],
and that FMN is bound by RFN elements in the B. sub-
tilis ribD and ypaA leaders, with an apparent KD of
< 10 nM [13]. Interestingly, the affinity of the RFN
element for FMN is over fifty-fold greater than that of an
FMN aptamer independently selected in vitro [27], indi-
cating that nature evolved a superior product.
Nudler’s group [12] has also demonstrated direct
binding of small metabolites by RNA. Their work
focused primarily on binding of FMN to the B. subtilis
rib operon. Using an oligo-annealing approach to dis-
criminate between free and duplexed regions of RNA,
they showed that the RFN leader adopts different
structures in the absence or presence of FMN. Binding
of FMN by the RFN leader was further inferred through
the ability of RFN-containing RNA to actively quench
the fluorescence of FMN in solution.
It is notable that, in all of these cases, a high level of
specificity in molecular recognition by RNA was
demonstrable. Ligand discrimination is essential in any
biological setting, of course, but it is especially impor-
tant during feedback regulation of biosynthetic path-
ways. Sensors must recognize only the biologically
active vitamin derivative, and not any of the many
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Table 1. Natural small molecule-regulated riboswitches.
Metabolite Cyano-cobalamin (B12) Thiamine (B1) Riboflavin (B2) Methionine
Derived coenzyme/ Adenosyl-cobalamin Thiamine pyrophosphate Flavin mononucleotide S-adenosyl-L-methionine
riboswitch ligand (Ado-Cbl) (TPP) (FMN); flavin adenine (SAM or Ado-Met)
dinucleotide (FAD)
Cis-regulatory B12 box THI box RFN element S box
motif/RNA aptamer
Characterized E. coli, S. typhimurium R. etli thiCOGE operon B. subtilis ribDEAHT B. subtilis yitJ
regulated mRNAs btuB (cobalamin B. subtilis tenA operon operon (methionine synthesis)
transporter) E. coli thiCEFGH operon (riboflavin synthesis)
S. typhimurium cob (thiamine synthesis) B. subtilis ypaA
operon E. coli thiM (kinase, (riboflavin transporter)
(cobalamin synthesis) thiamine salvage)
The table lists the metabolite precursor and the active cofactor derived from it, the RNA aptamer that binds each cofactor, and some repre-
sentative genes known to be regulated by associated riboswitches.
structurally related biosynthetic intermediates in each
pathway. In vitro selection techniques have previously
established such capability for specific RNA aptamers.
In one of the more spectacular examples, a particular
RNA aptamer was shown to bind theophylline 10,000
times more avidly than the related molecule caffeine,
though the latter contains but a single extra methyl
group [28].
In the new studies, the B12 box was shown to be
specific for cobalamin analogues containing a 5′
deoxyadenosyl group, and does not bind the related
compounds methylcobalamin or cyanocobalamin [10].
Similarly, recognition of TPP by THI boxes is 1000
times greater than for either thiamine or thiamine
monophosphate [9], while the RFN element distin-
guishes FMN from riboflavin by three orders of magni-
tude, and even discriminates between FMN and FAD
by at least sixty fold [12,13]. The absolute requirement
for phosphate groups on TPP and FMN in recognition
by RNA is a notable achievement, considering that
RNA is itself polyanionic and thus might be expected
to have difficulty binding such compounds.
Two Means to One End: Negative Regulation by
Transcriptional Termination or Translational
Inhibition
Vitamin cofactor-binding aptamers are embedded
within larger regions that confer vitamin cofactor-
mediated gene regulation, sometimes referred to as
‘riboswitches’ or ‘regulons’. Studies to date have
shown that RNA restructuring induced by vitamin
cofactor binding typically has one of two general
consequences for gene regulation. In some cases,
transcripts become prematurely terminated — also
referred to as attenuation — while in other cases,
access of the mRNA to the translational machinery is
inhibited (Figure 1).
For genes regulated by transcriptional termination, it
is typical for these elements to be associated with
transcriptional terminator, anti-terminator and anti-anti-
terminator sequences, which are also usually located
in the 5′ region of the transcript (Figure 1A). The canon-
ical intrinsic terminator is a stable hairpin followed by
a poly-uridine tract. In the absence of the relevant
metabolite, however, part of the terminator sequence
instead pairs with the anti-terminator element and is
rendered non-functional, thus permitting full-length
transcription (Figure 1A, top). Upon ligand binding, the
nascent mRNA is instead structured so that the anti-
anti-terminator sequence binds the anti-terminator.
This allows the intrinsic terminator to form, which
induces dissociation of RNA polymerase following the
uridine tract and results in highly truncated, noncoding
transcripts (Figure 1A, bottom) [29]. This type of mech-
anism appears to function in the regulation of B. sub-
tilis rib and tenA operons by FMN and TPP, respec-
tively [12,13].
In genes regulated by translational inhibition, these
elements are not coupled to a terminator/anti-termina-
tor system. Instead, the mRNA leader is capable of
adopting alternative conformations that include the 
SD box and/or AUG translational initiation codon
(Figure 1B). In the absence of ligand, the SD/AUG sites
are exposed and accessible to the ribosome (Figure 1B,
top). But in the presence of the appropriate cofactor,
an anti-SD sequence is allowed to bind the SD
sequence, thus denying the ribosome access to the
mRNA and preventing translation (Figure 1B, bottom).
In some cases, the anti-SD sequence is paired with an
anti-anti-SD sequence in unbound mRNA to ensure
accessibility to the ribosome. A translational inhibition
mechanism has been proposed for regulation of E. coli
btuB and the S. typhimurium cob operon by Ado-Cbl,
and for E. coli thiM by TPP [9,10,23,30].
Bioinformatic searches revealed the presence of B12
boxes, THI boxes and RFN elements in about 80
genomes from a phylogenetically broad range of bac-
teria [19–21]. Analysis of the type of likely regulatory
system associated with these elements revealed a
curious generalization: Gram-positive bacteria are more
likely to couple these elements to a terminator/anti-ter-
minator system, while Gram-negative bacteria more
typically link these elements to a SD-sequestration
mechanism. Exceptions to this tendency occur, some
of which were taken as evidence for horizontal gene
transfer between bacterial subtypes. It has also been
noticed that operons are more likely to be regulated by
a transcriptional termination system, while single genes
are more typically regulated by a translational inhibition
mechanism. This trend would appear to be metaboli-
cally frugal, as it is more efficient to prematurely cease
transcription of a long, multigene biosynthetic operon if
its products are not needed. 
The two generalizations are manifest in the observa-
tion that riboflavin synthesis genes in many Gram-pos-
itive organisms, such as B. subtilis, are arranged in
operons, while the same genes in a Gram-negative
organism such as E. coli are instead scattered about
its genome. But neither generalization is to be taken as
absolute, and as noted, many exceptions exist. THI
boxes are also found in some archaeal and eukaryotic
genomes, including those of certain fungi and plants.
This indicates that gene regulation by cofactor-binding
RNA aptamers was quite an ancient innovation.
Variations on these regulatory mechanisms exist. For
example, although B. subtilis ypaA was suggested to
be controlled by FMN through a translational inhibition
mechanism [13], microarray analysis supported an
attenuation mechanism [31]. In fact, it was noticed that,
in many species, the ypaA leader can form a terminator
hairpin that also overlaps SD sequences [20], suggest-
ing that non-terminated ypaA transcripts can still be
regulated at the translational level. E. coli thiC was also
shown to be regulated at both the transcriptional atten-
uation and translational levels [9], and a similar dual
mode of regulation was proposed for regulation of yuaJ
by TPP in many species [20]. Other possibilities include
direct sequestration of SD boxes by metabolite binding
aptamers (predicted for many THI boxes in actino-
mycetes, cyanobacteria and thermoplasmas [20] as
well as for RFN elements of T. thermophilius ribD and
A. minutum ypaA [21]) or combined modulation of SD
and translational enhancer availability [30]. 
An additional layer of regulatory complexity comes
with the observation that the affinity of an aptamer for
its ligand, and thus the quality of regulation, can be
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dynamic with procession of transcription [9,12]. Finally,
there is no reason, at least in principle, why RNA
sensors of these sorts could not also confer positive
gene regulation. At least one microarray-based study
of B. subtilis revealed only vitamin-repressed genes
[31]. This type of experiment would not, however, have
detected examples of translational regulation. We
therefore await further studies on regulatory possibili-
ties associated with riboswitches.
The Heat Is On: Activation of Gene Expression by
RNA Thermosensors
There are two well-studied examples of temperature-
dependent induction of gene expression and/or
activity: during the heat shock response and during
pathogenic invasion. The need to control gene induc-
tion as a function of temperature in the former setting
is self-explanatory; the rationale in the latter setting is
also sensible, if not necessarily immediately obvious to
the uninitiated. It is most efficient to keep virulence-
associated genes transcriptionally silent until the
pathogen enters an animal host, and a convenient way
of detecting this turns out to be the increase in
ambient temperature to ~37ºC upon host entry. A heat-
inducible multigene transcriptional response in either
setting is typically achieved by placing the desired
genes under the common control of a transcription
factor, the expression or activity of which is then
directly subject to thermal regulation. A surprisingly
large number of ways of achieving this desired form of
regulation have evolved.
Protein folding and activity are well known to be
influenced by temperature, a fact that underlies the
isolation of temperature-sensitive mutants. Tempera-
ture controls the multimerization status of heat shock
transcription factor (HSF), a protein conserved from
yeast to humans which is the sole mediator of the heat
shock response. HSF normally exists in an inactive
monomer state, but acquires DNA-binding activity
following its trimerization at temperatures of ~28–37ºC
[32]. A related mechanism operates in S. typhimurium.
In this pathogen, the conformation of a coiled-coil
domain in TlpA is sensitive to ambient temperature and
regulates multimerization and DNA-binding activity
[33]. At host temperature, TlpA becomes monomeric
and non-functional. Although the only known tran-
scriptional target of TlpA thus far is itself, conservation
of tlpA in the virulence plasmids of various Salmonella
strains has suggested a possible role in infection. A
mechanism involving the status of DNA supercoiling is
used in Shigella. Here, the promoter of S. flexneri virF,
which encodes an activator of VirB — which in turn
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Figure 1. Diverse strategies for gene regulation linked to RNA sensors.
Small molecule-regulated riboswitches have been linked to both transcriptional attenuation (A) and translational inhibition (B) mech-
anisms, while characterized thermosensors use a translational inhibition strategy (C). (A) Transcriptional termination mechanism. DNA
is depicted as a black double helix, the nascent mRNA transcript as a colored line (red is untranslated leader, green is coding
sequence), and RNA polymerase as a green oval. (Top) In the absence of the relevant metabolite, part of the terminator (two blue
boxes) is bound by an anti-terminator (green box) and is non-functional. Transcription proceeds past the poly-uridine stretch follow-
ing the terminator sequence and extends into coding sequence. (Bottom) In the presence of the relevant metabolite (red circle), ligand-
bound RNA adopts an alternative conformation in which the anti-terminator is bound by an anti-anti-terminator (black box). This allows
formation of the structurally distinctive terminator hairpin, which induces release of RNA polymerase following the poly-uridine tract.
(B) Translational inhibition mechanism. The mRNA is depicted with the colored line; untranslated leader in red and the coding region
in green. (Top) In the absence of cofactor-binding, the anti-Shine-Dalgarno (anti-SD) ribosome binding sequence is sequestered by
an anti-anti-SD sequence; this conformation allows ribosome (double green oval) binding to the SD box and translation to occur.
(Bottom) Cofactor binding (red circle) restructures the RNA so that the anti-SD sequence is allowed to pair with the SD box, thus
inhibiting translation. Note that variations on both mechanisms exist, as may dual regulatory mechanisms involving both transcrip-
tional attenuation and translational inhibition (see text). (C) A thermosensor from L. monocytogenes prfA. (Top) A stem structure adja-
cent to the SD box prevents translation at lower temperatures. (Bottom) The increase in ambient temperature following host infection
melts this structure, allowing the ribosome to access the SD box and translate prfA.
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activates several operons of virulence genes — under-
goes a structural shift at 37ºC that renders it less
accessible to the repressor H-NS and therefore tran-
scriptionally competent [34].
As RNA secondary structure is highly influenced by
temperature, RNA could in principle also act as a
thermosensor. This was suggested to be the case for
regulation of rhizobial heat shock genes. Several genes,
including those encoding small heat shock proteins and
σ32, a global regulator of heat shock responsive genes,
were found to contain a conserved sequence in their 5′
untranslated regions referred to as the ROSE (repres-
sion of heat shock gene expression) element [35]. From
comparative RNA structure predictions and mutation
studies using fusion constructs, it was proposed that
the ROSE element engages the SD box and AUG start
codon in a stem structure, rendering them inaccessible.
Melting of this structure at heat-shock-inducing tem-
peratures would then allow translation of these associ-
ated mRNAs [36].
Functional evidence for this type of model was
obtained for translational regulation of E. coli rpoH,
which encodes σ32. It was already known that σ32 is
post-translationally regulated by a negative feedback
mechanism involving the chaperone subunits DnaK,
DnaJ and GrpE [37]. Although they normally assist in
protein folding during extreme conditions, they nega-
tively regulate the activity of σ32 by making it unstable.
During heat shock, titration of chaperones by other mis-
folded proteins results in σ32 stabilization and accumu-
lation. However, work primarily from the Yura lab [38,39]
showed that activation of rpoH translation is itself inde-
pendent of chaperones. Instead, it involves a region
including the 5′ coding sequence that has the capacity
to sequester the SD and AUG sites; the sequences
involved here are different from the ROSE element. The
RNA structures predicted by this model were substan-
tiated using chemical probing techniques.
The Yura lab [14] subsequently showed that the RNA
secondary structure of this region, as deduced from
circular dichroism (CD) spectra, is melted over a heat-
inducing range that directly correlates with the ther-
moregulatory range in vivo. They were also able to alter
the ‘thermostat’ of this sensor by making various base
substitutions that either increased or decreased the
amount of duplexed RNA. Changes in the thermosta-
bility of RNA secondary structures in this region also
directly correlated with their thermoregulatory proper-
ties in vivo, with more stable structures responding at
higher temperatures, and vice versa. Finally, they found
that the rpoH 5′ region inhibits ribosome binding at low
temperature — but not at high temperature — in an in
vitro assay containing only mRNA, purified 30S ribo-
somes and initiator tRNAMet. These data strongly
support the model that this RNA region directly senses
temperature and regulates translation by controlling
access of rpoH transcript to the ribosome.
RNA thermosensors have also been proposed to
exist in certain pathogenic bacteria. Nearly a decade
ago, translation of LcrF, a general activator of virulence-
related gene expression in Yersinia pestis, was found to
be thermally regulated [40]. An RNA sensor model was
proposed based upon structural predictions, but not
subsequently tested experimentally. A new report from
the Cossart lab [11] now provides strong evidence for
an RNA thermosensor that regulates translation of PrfA,
a general activator of virulence genes in a pathogenic
variety of Listeria, L. monocytogenes. 
The prfA gene is transcribed at both 30ºC and 37ºC,
but it is translated only at the latter temperature.
Cossart and colleagues observed that sequences in
the 5′ UTR of the prfA mRNA could form an extended
hairpin that includes the SD sequence. Mutations that
destabilized this structure reduced or eliminated ther-
moregulation by the prfA leader in vivo as well as in a
heterologous in vitro translation assay (using E. coli
extract, which does not contain PrfA). Temperature-
dependent reconformation of this RNA was indeed
demonstrated using gel mobility assays and chemical
probing, and showed that the stem structure sur-
rounding the SD sequence is melted at 37ºC but not at
30ºC. Finally, they found that the prfA leader even
confers thermal regulation on heterologous transcripts
in living E. coli. Taken together, these data indicate that
the prfA mRNA leader is a thermosensor that directly
regulates translation by selectively blocking access of
the ribosome at lower, but not higher, temperatures
(Figure 1C).
Unlike the metabolite-regulated riboswitches, most
of these RNA thermoregulators are not broadly distrib-
uted, either within a given genome or among different
species. The known RNA thermosensors are all directly
involved in SD/start sequestration, which makes them
somewhat less amenable to evolutionary mixing and
matching than the modular riboswitches described
above, in which ligand binding capacity and gene reg-
ulatory sequences are separable. In the case of rpoH,
involvement of a downstream coding sequence in SD
sequestration further limits its transfer to other func-
tionally distinct genes. Thermoregulation of prfA prob-
ably evolved to fit the specific needs of this pathogen,
and this gene is not even present in the genome of the
related, non-pathogenic bacterium L. innocuous [41].
Only the ROSE element is associated with multiple
types of heat-regulated genes in multiple (rhizobial)
genomes, although validation of its status as a genuine
thermoregulator will require additional work.
Glimpses of an Ancient RNA World, Tools for
Today’s World
It is human nature to yearn for simpler times, when
living required fewer moving parts and gadgets.
Perhaps the ultimate extension of this lies in trying to
imagine what the very origins of life were. A great deal
of evidence from the past two decades has led to the
popular idea that an ‘RNA world’ may have predated
DNA/protein-based biological life. The possibility of
such an RNA-dominated era is supported by the dual
ability of RNA to serve not only as a self-replicating
genetic template, but also as a catalyst of a large
variety of organic chemical reactions.
The series of new studies reviewed above demon-
strates the ability of RNA to act as an environmental
sensor, thus adding a potential layer of regulatory
sophistication to the hypothetical RNA world. Indeed, it
has been suggested that these sensors may represent
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‘molecular fossils’ of such a world [9,10]. Notably, the
structures of vitamins B1, B2 and B12 are closely
related to those of nucleotides, and may have origi-
nated during the time of the RNA world [42]. It seems
quite reasonable to hypothesize that they may have
originally evolved and functioned as RNA cofactors or
allosteric elements before their eventual adaptation by
protein enzymes, where they are currently essential
for the catalysis of a wide variety of chemical reac-
tions in all life.
Additional examples of RNA sensors may yet be
found. Many genes involved in methionine and cysteine
biosynthesis contain a so-called ‘S box’ motif in their 5′
leader. Features of S-box-mediated regulation resem-
ble those of the other vitamin cofactor-regulated
systems discussed above, including alternative RNA
structures containing a terminator site or a sequestered
antiterminator/terminator complex [43,44]. Ongoing
work in the Breaker lab strongly indicates that the S
box functions as an S-adenosyl-methionine (SAM)-reg-
ulated riboswitch. Their characterization of the S box
from B. subtilis yitJ indicates that it selectively binds
SAM (and not methionine) with an apparent binding
constant of approximately 1 nM and mediates tran-
scriptional termination in the presence of SAM (R.
Breaker, personal communication).
Now that these precedents exist, the search will be
on for additional classes of RNA riboswitches that
detect the cellular availability of other metabolites and
regulate gene expression. But what other capabilities
exist? For example, although protein sensors of pH,
redox state and metal ion concentration are known, do
equivalent RNA sensors exist? And even if such
sensors are not to be found in extant life forms, can
such sensors be selected for in vitro? Work in this
exciting field will surely further inform us of the poten-
tial complexity of an ‘RNA world’.
These RNA sensors and switches may find practical
application in the present day world as well. One can
imagine exploiting RNA thermoregulation to create
heat-inducible transgenes. Although heat-shock-
inducible promoters have long been used for this
purpose, expression of inherently heat-inducible tran-
scripts with the binary Gal4/UAS system [45] would
now allow both spatial and temporal control in ectopic
expression studies. Other riboswitches could also be
adapted to create small molecule-regulated trans-
genes, which may allow researchers to manipulate
expression of any individual construct within a battery
of simultaneously introduced experimental constructs.
Previously identified aptamers have been placed within
5′ UTRs and shown to inhibit gene expression upon
introduction of the appropriate ligand [46] by a simple
occlusion mechanism. A little structure-informed engi-
neering may conversely permit small molecules to acti-
vate gene activity as well.
These and other RNA aptamers may also be
exploited as biosensors. Pioneer studies have shown
that self-cleaving ribozymes can be placed under
allosteric control by various small molecules, which can
then be used to analyze the composition of chemical
and biological mixtures [47]. Although this technology
is little beyond the ‘proof of principle’ stage at present,
identification of additional and more affine aptamers
may increase the sophistication and practical usage of
this concept [48]. Finally, these sensors may also find
utility as targets of antibacterial compounds. It may be
possible to design chemical mimics of their cognate
ligands that would constitutively repress associated
gene activity. Such compounds could potentially be
quite powerful, as they would efficiently inhibit bacter-
ial growth by simultaneously repressing multiple com-
ponents in a given biosynthetic/metabolic/transport
pathway. At the same time, such compounds might be
likely to have relatively low toxicity, as they would be
designed to target RNA, not protein. I look forward to
the realization of these tools, and if recent years are any
indication, expect to continue to be amazed by new
capabilities and applications for RNA that will undoubt-
edly emerge in the future.
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